Rationale In human and animal studies, adolescence marks a period of increased vulnerability to the initiation and subsequent abuse of drugs. Adolescents may be especially vulnerable to relapse, and a critical aspect of drug abuse is that it is a chronically relapsing disorder. However, little is known of how vulnerability factors such as adolescence are related to conditions that induce relapse, triggered by the drug itself, drug-associated cues, or stress. Objective The purpose of this study was to compare adolescent and adult rats on drug-, cue-, and stress-induced reinstatement of cocaine-seeking behavior. Methods On postnatal days 23 (adolescents) and 90 (adults), rats were implanted with intravenous catheters and trained to lever press for i.v. infusions of cocaine (0.4 mg/kg) during two daily 2-h sessions. The rats then self-administered i.v. cocaine for ten additional sessions. Subsequently, visual and auditory stimuli that signaled drug delivery were unplugged, and rats were allowed to extinguish lever pressing for 20 sessions. Rats were then tested on cocaine-, cue-, and yohimbine (stress)-induced cocaine seeking using a within-subject multicomponent reinstatement procedure. Results Results indicated that adolescents had heightened cocaine seeking during maintenance and extinction compared to adults. During reinstatement, adolescents (vs adults) responded more following cocaine-and yohimbine injections, while adults (vs adolescents) showed greater responding following presentations of drug-associated cues.
Introduction
In humans, adolescence marks a period of important physiological and emotional change that is involved in healthy development (Ernst et al. 2006) . However, adolescence is also characterized by increased susceptibility to disorders related to deficits in conduct (Fontaine 2006) , inhibitory control (Spencer et al. 2007) , and stress reactivity (Spear 2009 ), all of which are vulnerability factors in the development of adolescent drug addiction (Gullo and Dawe 2008 ; for reviews, see Deas 2006; Ivanov et al. 2008; Laviola et al. 1999) . Indeed, adolescents are more likely than adults to initiate and maintain (Winters and Lee 2008) drug use, and once addicted they more readily engage in potentially lethal binge-like patterns of drug intake (Baumeister and Tossmann 2005; Estroff et al. 1989; McCambridge and Strang 2005) . Relapse potential is also increased in adolescents (Brown and D'Amico 2001; Catalano et al. 1990; Chung and Maisto 2006) , and adolescents are more resistant to drug abuse treatment interventions (Dennis et al. 2004; Perepletchikova et al. 2008; Winters et al. 2000) . Longitudinal studies have further confirmed the dangers of adolescent drug use and indicate that the earlier drug use is initiated, the more likely that an individual will have life-long problems with drug addiction (Baumeister and Tossmann 2005; Palmer et al. 2009 ). Offspring of individuals addicted to drugs are even more likely to develop substance abuse disorders (Courtois et al. 2007; Hoffmann and Cerbone 2002; Obot et al. 2001) , thus perpetuating a cycle of drug abuse that may span generations.
Animal models provide a controlled and systematic approach to the study of the effects of age on drug abuse, and they allow adolescents and adults to be compared across several behavioral parameters. One particular parameter is drug-induced locomotor activity, a measure of drug sensitivity. Subjects that exhibit heightened locomotor activity are thought to be more sensitive to the effects of drugs than those with less activity. Stimulants such as cocaine produce greater increases in locomotor behavior in early adolescent compared to older rodents (Badanich et al. 2008; Catlow and Kirstein 2007; Maldonado and Kirstein 2005a, b; Niculescu et al. 2005) . However, results with other drugs such as nicotine and alcohol are less consistent (Schramm-Sapyta et al. 2009 ).
Adolescent and adult rodents also differ in their response to aversive and rewarding/reinforcing effects of drugs. For example, adolescent rodents are less sensitive to the aversive effects of drugs of abuse including nicotine, ethanol, and cocaine (Schramm-Sapyta et al. 2009 ). In contrast, other studies have shown that adolescents are more sensitive to the rewarding effects of cocaine and nicotine as measured by the conditioned place preference paradigm (Badanich et al. 2006; Brielmaier et al. 2007 ; Kota et al. 2007; Shram et al. 2006; Torres et al. 2008; Zakharova et al. 2009a, b) . Thus, adolescents, compared to adults, are less sensitive to the aversive effects of drugs of abuse and more amenable to their rewarding effects and these factors may converge to increase drug abuse vulnerability.
In addition to enhanced rewarding effects, results indicate that the reinforcing effects of drugs of abuse are greater in adolescents than adults. Adolescents self-administer greater amounts of amphetamine, nicotine, and ethanol compared to adults (Chen et al. 2007; Fullgrabe et al. 2007; Levin et al. 2003 Levin et al. , 2007 Shahbazi et al. 2008; Vetter et al. 2007) . Results with cocaine are less consistent, with a majority of studies indicating no link between adolescence and heightened cocaine self-administration (Belluzzi et al. 2005; Frantz et al. 2007; Kantak et al. 2007; Kerstetter and Kantak 2007; Li and Frantz 2009; Perry et al. 2007 ). However, several of these studies have focused on acquisition (Frantz et al. 2007; Perry et al. 2007) or behavior maintained under limited access conditions (2 h/day; Frantz et al. 2007; Kantak et al. 2007; Kerstetter and Kantak 2007; Li and Frantz 2009 ) and/ or with large doses of cocaine Kerstetter and Kantak 2007) . These factors have been shown to be insensitive to group differences (Carroll et al. 2008; Lynch and Carroll 1999; Roth et al. 2004 ). In addition, no studies have compared adults and adolescents on other measures of drug seeking or during other phases of the drug abuse process such as extinction and reinstatement. Little is also known about how factors such as stress, cues, and drugs interact with age to influence drug seeking. Previous work indicates that stress and environmental stimuli increase vulnerability to relapse in human adolescent drug abusers (Chung and Maisto 2006; Lopez et al. 2005; Rao et al. 1999) . The purpose of the present study was to compare adolescent and adult rats on the maintenance, extinction, and reinstatement of cocaine-seeking behavior. A multicomponent reinstatement procedure was used to examine the effects of drug, cues, and stress priming conditions on reinstatement of cocaine seeking in adolescent and adult male rats.
Materials and methods

Subjects
Fourteen adult (postnatal (PN) day90) and 15 adolescent (PN day23) male Wistar rats served as subjects in the present study. Rats were bred at the University of Minnesota from parents obtained from Harlan Sprague-Dawley, Inc., Indianapolis, IN, USA and housed in temperature-(24°C) and humidity-controlled holding rooms under a constant light/ dark cycle (12:12 h with room lights on at 6:00 a.m.) where they had ad libitum access to food and water. Adult male rats weighed 450-500 g at the beginning of the study, and adolescent rats weighed 70-90 g. Male rats are considered adults on PN day60 (Ojeda et al. 1980; Spear 2000a, b) ; thus, adolescence was defined as PN days21 to 60. There were seven rats in the adolescent group that reached adulthood (PN day60) during the end of the extinction phase and were not included in the reinstatement portion of the study. During experimental sessions, adolescent and adult rats had free access to water and were given 20 g ground food (Purina Laboratory Chow) at the end of each session (3:00 p.m.). The experimental protocol (0708A15263) was approved by the University of Minnesota Institutional Animal Care and Use Committee (IACUC), and the experiment was conducted in accordance with the Principles of Laboratory Animal Care (National Research Council 2003) in laboratory facilities accredited by the American Association for the Accreditation of Laboratory Animal Care.
Apparatus
Custom-made operant conditioning chambers were used in the present study as previously described in detail (Carroll et al. 2002) . Briefly, chambers were octagonal in shape and consisted of two response levers (one active and one inactive), two sets of stimulus lights, a house light, and two steel panels that allowed for the insertion of a food jar and a water bottle. Operant conditioning chambers were enclosed in melamine-coated sound-attenuating wooden boxes equipped with a ventilation fan that supplied noise to mask acoustic disturbances. A 35-ml syringe pump (model PHM-100, MedAssociates Inc., St. Albans, VT, USA) was located on the inside of the wooden enclosure and delivered response contingent i.v. cocaine during experimental sessions.
Drugs
Cocaine HCl was supplied by National Institute of Drug Abuse (Research Triangle Institute, Research Triangle Park, NC, USA), dissolved in 0.9% NaCl at a concentration of 1.6 mg cocaine HCl/1 ml saline, and refrigerated. Heparin (1/200 ml saline) was added to the cocaine solution to prevent catheter occlusion from thrombin buildup. The flow rate of each cocaine infusion was 0.025 ml/s, and the duration of pump activation (1 s/100 g of body weight) was adjusted to maintain rats at a 0.4-mg/kg cocaine dose throughout self-administration testing. Due to the rapid weight gain in the adolescent group, the infusion duration was adjusted approximately every 3 days to maintain the 0.4-mg/kg cocaine dose.
Procedure
Surgical procedure
On PN days 23-25 for adolescents and 90-100 for adults, rats were implanted with an intravenous catheter following the procedure outlined by Carroll and Boe (1982) . Rats were anesthetized with a combination of ketamine (60 mg/ kg, i.p.) and xylazine (10 mg/kg, i.p.) and administered doxapram (5 mg/kg, i.p.) and atropine (0.4 mg/ml, 0.15 ml, s.c.) to facilitate respiration under anesthesia. An incision was made lateral to the trachea, the right jugular vein was exposed, and a small incision was made perpendicular to the vein. The beveled end of a polyurethane catheter (MRE-040, Braintree Scientific Inc., Braintree, MA, USA) was inserted and then secured to the vein with silk sutures. The free end of the catheter was guided subcutaneously to the midscapular region of the neck where it exited via a small incision and attached to a metal cannula that was embedded in the center of the rat's soft plastic covance-infusion harness (C3236, Plastics One, Roanoke, VA, USA). Following the surgical procedure, rats were allowed a 3-day recovery period during which antibiotic and analgesia were administered following guidelines outlined by the University of Minnesota IACUC. After the recovery period, catheters were flushed with a heparinized saline solution at 8:00 a.m. daily to prevent catheter blockage, and every 3 days weights were taken at 3:00 p.m. Catheter patency was checked every 7 days by injecting a 0.1-ml solution containing ketamine (60 mg/kg), midazolam (3 mg/kg), and saline. If a loss of the righting reflex was not manifest upon a catheter patency check, a second catheter was implanted in the left jugular vein following the methods described above. Three rats in the adult group received a second catheter.
Acquisition of cocaine self-administration
The experimental procedure is shown in Table 1 . Three days following surgery, rats were trained to self-administer 0.4-mg/kg i.v. cocaine under a fixed ratio 1 schedule of reinforcement. Training sessions began at 9:00 a.m. with the illumination of the house light and ended at 3:00 p.m. with its termination. During each self-administration session, a response on the left lever (active lever) delivered a single infusion of 0.4-mg/kg cocaine and activated the set of stimulus lights located above the lever for the duration of the infusion. A response on the right lever (inactive lever) also illuminated the stimulus lights above that lever but did not produce i.v. infusions of cocaine. To facilitate drug selfadministration during training, rats received three experimenter delivered i.v. infusions at 9:00 a.m., 11:00 a.m., and again at 1:00 p.m. Levers were also baited with a small amount of peanut butter at each time point until rats reached 60 infusions, and they were then allowed to continue self-administering cocaine. Acquisition of cocaine self-administration occurred once rats earned at least 60 unassisted infusions with a 2:1 active/inactive lever response ratio.
Maintenance
Due to the brief duration of adolescence in rats and the goal of comparing adolescents and adults on reinstatement, an abbreviated reinstatement procedure was used. Following acquisition, rats were allowed to maintain stable cocaine intake under experimental conditions identical to those described for training with the exception that selfadministration took place during two daily 2-h sessions (9:00 a.m.-11:00 a.m. and 1:00 p.m.-3:00 p.m.) that were separated by a 2-h intersession period (11:00 a.m.-1:00 p.m.). Rats self-administered cocaine under this condition for ten sessions (approximately 5 days). Pilot work with this procedure indicated that each session produced stable levels of cocaine intake similar to levels achieved during single daily 2-h sessions.
Extinction and reinstatement
Rats were tested using a multicomponent reinstatement procedure similar to that used by Bongiovanni and See (2008) . Following the final day of maintenance, the stimulus lights, house light, and pump were unplugged, and rats were allowed to extinguish lever pressing for 20 additional sessions (10 days). Thus, lever presses during extinction did not result in infusions or the activation of stimulus lights and the house light remained off. This was done to test responding to visual (stimulus lights and house light) and auditory (pump) cues during the subsequent reinstatement condition. During this condition, reinstatement responding was assessed following cocaine, yohimbine, and cue primes during two daily 2-h a.m. and p.m. sessions. Control and priming conditions occurred in counterbalanced order across the 5-day reinstatement procedure to control for possible biases in reinstatement responding during either the a.m. or p.m. sessions (see Table 1 ). All priming injections occurred immediately before the 9:00 a.m. and 1:00 p.m. sessions.
The first component of the reinstatement procedure consisted of three randomly selected priming doses of cocaine (5, 10, and 15 mg/kg, i.p.), each administered on separate days in counterbalanced order. Each dose of cocaine was administered once during the a.m. or p.m. session and was either preceded or followed by a control session in which a saline i.p. injection was given. During the second component, cue exposure was accomplished by plugging in the house light, stimulus lights (active and inactive levers), and pump during the a.m. session, and rats were tested on reinstatement responding. The house light remained on for the duration of the session and responding during this time activated the pump/stimulus light complex. The house light, stimulus lights (active and inactive levers), and pump were then unplugged during the p.m. session and the rest of the study. During the third component, a saline i.p. injection was administered at the beginning of the a.m. session, while a yohimbine (2.5 mg/kg, i.p.) priming injection was administered at the beginning of the following p.m. session. Yohimbine at this dose is considered a pharmacological stressor and has previously been shown to reliably reinstate cocaine-seeking behavior (Feltenstein and See 2006) .
Data analysis
The primary dependent measures were active and inactive lever responses and infusions. For the maintenance and extinction phases, measures were averaged across two blocks of sessions and analyzed with a two-factor repeated measures analysis of variance (ANOVA) with group as the between-subjects factor and session block as the repeated factor. A two-factor repeated measures ANOVA with group as the between-subjects factor and priming condition as the repeated factor was used to compare groups during reinstatement. Separate two-factor repeated measures ANOVA were used to compare groups on the acquisition of cocaine self-administration in addition to food intake and weight at the beginning and end of the experimental procedure. Post hoc tests were conducted using Fisher's least significant difference protected t tests. All data analyses were conducted using GB Stat (Dynamic Microsystems, Inc., Silver Spring, MD, USA). Table 2 shows the average number of days to reach the acquisition criteria in addition to the mean age, food intake, and weight at the start (first day of self-administration training) and the end of the experimental procedure in adolescent and adult rats. All of the rats in both groups met the acquisition criteria. Also, there were no significant group differences in the number of days required for rats to reach the acquisition criteria, and groups did not differ in the number of infusions during the acquisition condition. However, adults consumed more food than adolescents at the beginning and end of the study (F 1, 57 =5.71, p<0.05). Examination of weights indicated that adolescent rats significantly increased weight from the beginning of the procedure compared to the end (p<0.01) while adult rats showed a significant decrease (p<0.01). The increase in adolescent weight and decrease in adult weight were likely due to rats being restricted to 20 g of food daily. Throughout the procedure, adolescents consumed approximately 18 g of food daily, while adults consumed all of their food allotment indicating that adolescent rats were food satiated while adults may have been slightly food restricted. Adolescents consumed 0.45, 0.36, and 0.34 kcal, and adults consumed 0.21, 0.22, and 0.21 kcal of food per gram of body weight during the maintenance, extinction, and reinstatement phases, respectively. A two-factor repeated measures ANOVA indicated that adolescents consumed significantly more kilocalories of food per gram body weight than adults across all phases of the study (F 1, 83 =21.50, p<0.01).
Results
Maintenance
Mean number of active lever responses and infusions earned during the maintenance phase are depicted in Fig. 1 . Groups did not differ in responding across session blocks during this phase (Fig. 1a) ; however, adolescent rats earned significantly more cocaine infusions than adults across the session blocks(F 1,57 =10.72, p<0.01; Fig. 1b) . Analysis of inactive lever pressing indicated that adolescent rats responded significantly more on the inactive lever compared to adults (F 1, 57 =8.72, p<0.01) and that inactive lever pressing was significantly greater during the second half of maintenance (sessions 6-10) compared to the first half (sessions 1-5) in both groups (F 1, 57 =6.00, p<0.05). An additional analysis was conducted to determine if heightened cocaine intake in adolescent rats (vs adults) was a result of cocaine-seeking behavior and not due to general activity. Results confirmed that adolescents responded significantly more on the cocaine-paired lever relative to the inactive lever (F 1, 57 =60.88, p<0.001) verifying that the age differences in cocaine intake were not due to heightened indiscriminate responding in adolescents.
Extinction Figure 2 shows the mean number of extinction responses made following the removal of cocaine and cocaine-paired cues. Results indicated that adolescents responded significantly more than adults during extinction testing (F 1, 55 = 15.17, p<0.001) and that both groups showed a significant reduction in responding on the previously drug-paired lever during the second half of extinction testing (sessions 11-20) compared to the first half (sessions 1-10; F 1, 55 =15.41, p<0.001). Analysis of inactive lever presses revealed that adolescents also responded more on the inactive lever than adults (F 1, 53 =8.32, p<0.001). Further analysis indicated no difference in active vs inactive lever responding in adolescent rats. Both active and inactive responses significantly decreased during the second half (vs first half) of extinction testing in adolescent rats (F 1, 53 =5.98, p<0.05). Figure 3 shows the mean number of reinstatement responses made on the previously drug-paired lever during the priming and control conditions. There was a significant main effect of priming for all eight conditions (F 7, 183 =8.07, p<0.0001) and a significant group×priming condition interaction (F 7, 183 = 3.62, p<0.01). For the cocaine-priming condition, injections of 10-and 15-mg/kg cocaine resulted in significantly higher reinstatement responding than saline-priming injections in the adolescent and adult groups (p's<0.05). However, only adults responded significantly more than saline following the lowest priming dose of cocaine (5 mg/kg). Group comparisons indicated that adolescents responded significantly more than adults following the two largest doses of cocaine (10 and 15 mg/kg, p's<0.05) suggesting that there were age differences in cocaine-primed reinstatement. Each block denotes a different condition of the study. Rats were initially trained to lever press for i.v. infusion of cocaine (0.4 mg/kg) during daily 6-h sessions. Subsequently, rats were allowed to self-administer cocaine during two 2-h sessions from 9:00 a.m. to 11:00 a.m. and again from 1:00 p.m. to 3:00 p.m. each day for approximately 5 days. Cocaine and cues previously associated with drug self-administration were then removed for 10 days during the extinction condition. Rats were then tested using a multicomponent reinstatement procedure following the administration of cocaine, yohimbine, or the presentation of response contingent cues Age differences were also found in the cue-priming condition. For example, adults, but not adolescents, significantly increased reinstatement responding following presentations of cues previously paired with drug selfadministration compared to a session when these cues were not present (p<0.01). Also, adults reinstated significantly more than adolescents during reinstatement testing with cues (p<0.01). In the yohimbine condition, adolescents, but not adults, significantly increased responding on the previously drug-paired lever following yohimbine (vs saline) administration (p<0.01), and adolescents responded significantly more than adults (p<0.01).
Reinstatement
Inactive lever pressing was analyzed across the reinstatement conditions (not shown). Results from the ANOVA indicated a significant main effect of group (F 1, 183 =22.99, p <0.01) and priming condition (F 7, 183 =3.84, p<0.01) but no group×priming condition interaction. Adolescents made significantly more inactive lever presses during reinstatement than adults. Given this finding, an additional analysis was conducted to compare responding on the previously active and inactive levers in adolescent rats to determine if reinstatement responding was due to cocaine seeking or to general activity. Results indicated that adolescents responded significantly more on the previously active (vs inactive) lever (F 1, 143 =7.49, p<0.05), and this changed as a function of the priming condition as confirmed by a significant lever type× priming condition interaction (F 7, 143 =3.58, p<0.01). Post hoc analyses revealed that systemic injection of a priming dose of cocaine (5, 10, and 15 mg/kg cocaine; p's<0.05) or yohimbine (p<0.05) resulted in greater responding on the previously drug-paired lever compared to responding on the inactive lever in adolescents. However, adolescents did not show a significant difference in responding between levers following cue presentations. This indicates that the enhanced responding by adolescents during reinstatement testing following drug and yohimbine primes was a result of increased cocaine-seeking behavior and not increased responding in general.
Discussion
The present results demonstrated that adolescence is associated with heightened vulnerability to several aspects of Fig. 2 Mean (± SEM) responses on the previously drug paired lever during 20 2-h sessions following the removal of cocaine. Adolescents (n=14), compared to adults (n=15), responded significantly more on the previously drug-paired lever over the 10 days ( †p<0.05) Fig. 1 Mean (± SEM) responses on the drug-paired lever (a) and cocaine (0.4 mg/kg, i.v.) infusions (b) during ten 2-h sessions under the maintenance condition in adolescent (n=14) and adult (n=15) male rats. Adolescent rats earned significantly more infusions than adult rats over the 5 days ( †p<0.05) cocaine-seeking behavior. Adolescents, compared to adults, maintained higher levels of cocaine intake, were more resistant to extinction of cocaine seeking, and exhibited higher levels of reinstatement responding precipitated by i.p. injections of cocaine or yohimbine. Adults, however, reinstated significantly more following presentations of cues previously associated with cocaine self-administration.
Results during the maintenance condition agreed with previous reports showing enhanced sensitivity to cocaineinduced psychomotor stimulation (Caster et al. 2005; Parylak et al. 2008; Snyder et al. 1998) , greater cocaine-induced conditioned place preference (Badanich et al. 2006; Zakharova et al. 2009b) , faster rates of acquisition of cocaine self-administration (Perry et al. 2007) , and heightened i.v. amphetamine self-administration in adolescent (vs adult) rodents (Shahbazi et al. 2008) .
Other studies have shown no effect of age on i.v. cocaine self-administration in rats (Li and Frantz 2009; SchrammSapyta et al. 2009 ). However, several methodological differences may account for this discrepancy. For example, in this and a previous study demonstrating age differences in cocaine self-administration (Perry et al. 2007 ), rats were allowed to self-administer a smaller dose of cocaine (0.4 mg/kg) for extended periods of time (two, 2-h sessions or 6-h sessions). In other studies, rats were tested during limited-access conditions (daily 2-h sessions; Kerstetter and Kantak 2007; Li and Frantz 2009 ) using relatively large doses of cocaine (1.0 mg/kg; Kantak et al. 2007; Kerstetter and Kantak 2007) that may have produced a ceiling effect. Indeed, previous reports indicate that group differences (e.g., phenotype and sex) in drug self-administration are more readily expressed under extended access conditions and with lower doses of cocaine (Carroll et al. 2008 (Carroll et al. , 2009 Lynch and Carroll 1999; Roth et al. 2004 ). Thus, it may be that age differences in responding reinforced by cocaine are expressed under similar access and/or low dose conditions.
In the present study, adolescents, compared to adults, also made more extinction responses on the previously drug-paired lever following the removal of cocaine. Similarly, demonstrated that adolescent rats required significantly more extinction trials to extinguish place preference induced by cocaine, sometimes requiring over 70 extinction trials . Increased extinction responding in adolescent rats may be related to impairments in response inhibition or impulsivity. In a study by Adriani and Laviola (2003) adolescent (vs adult) rodents made significantly more nonreinforced responses following discontinuation of a food reward under a modified delay-discounting procedure (Adriani and Laviola 2003) . Interestingly, frontocortical neurocircuitry involved in the inhibition of previously reinforced behavior (Jentsch and Taylor 1999) is underdeveloped during adolescence (Casey et al. 2008; Galvan et al. 2006; Levesque et al. 2004) , and dysfunction within this area is associated with increased impulsivity and vulnerability to drug abuse in adolescent humans (Schweinsburg et al. 2004; Underwood et al. 2008) .
Together, results from the maintenance and extinction phases of the present study indicate that adolescent rats, compared to adults, are more sensitive to the reinforcing effects of cocaine and have a decreased ability to inhibit responding previously reinforced with drug. Findings from animal and human studies further suggest that this behavioral profile may be the result of altered activation Fig. 3 Mean (± SEM) responses on the previously drug-paired lever following saline (SA) or cocaine (COC; 5, 10, and 15 mg/kg) i.p. priming injections, cues, and 2.5-mg/kg yohimbine (YOH) i.p. priming injections during the reinstatement procedure in adolescent (n=8) and adult rats (n=14). Responses during priming sessions were compared to responses during control sessions (striped bars) that occurred that same day. Asterisks indicate significantly greater responding during the priming condition compared to the control condition within groups (*p<0.05). Daggers denote significant group differences in responding during the priming conditions ( †p<0.05) in areas of the brain that control incentive motivation and inhibition. These studies indicate that several neurobiological changes occur in the mesolimbic and prefrontal cortices of the brain during adolescence, and these changes, or lack thereof, may incur heightened vulnerability to cocaine selfadministration and increased cocaine seeking. Mesolimbic dopamine release is involved in attributing salience to natural rewards (Carelli and Deadwyler 1994; Schultz et al. 1993) , in addition to altering subjective and behavioral responses to drugs of abuse such as cocaine (Di Chiara 1998) . In both animals and humans, adolescence is characterized by heightened dopamine activity (increased dopamine synthesis and turnover) in mesolimbic areas of the brain (Chambers et al. 2003; Schepis et al. 2008 ) such as the nucleus accumbens (Andersen et al. 1997) , suggesting heightened sensitivity to reward due to "overdeveloped" neurobiological reward-related responses (Casey et al. 2008) . In contrast, results from studies using humans indicate that frontal cortical regions that regulate these limbic regions and are involved in the inhibition of potentially harmful and risky behaviors such as drug taking (Casey et al. 2008) are "underdeveloped", as is evidenced by a slower onset of dendritic pruning (Montague et al. 1999; Tarazi et al. 1999) , an indicator of neuronal maturation and heightened neural processing efficiency (Freeman 2006) . Casey et al. (2008) suggest that the lag in maturation between limbic and prefrontal regions in adolescents results in behavior that is motivated by the activation of limbic areas (i.e., bottom-up) that is unhindered by prefrontal (i.e., top-down) control. Indeed, adolescent humans and animals show exaggerated limbic responses and underdeveloped prefrontal responses in anticipation of rewards (Casey et al. 2008; Galvan et al. 2006) . Thus, with respect to the present study, increased cocaine seeking during the maintenance and extinction conditions may have been the result of underdeveloped frontocortical-limbic interconnectivity, resulting in increased cocaine self-administration during maintenance and decreased response inhibition during extinction.
During reinstatement testing in the present study, adolescents and adults showed differential patterns of cocaine seeking that were dependent on the priming stimulus. Adolescents reinstated significantly more following i.p. injections of cocaine and yohimbine, while adults responded more following presentation of cues previously paired with drug self-administration. One explanation for increased cocaine-primed reinstatement in adolescent rats may be related to activation of neurons in the nucleus accumbens, as delta-FBJ murine osteosarcoma viral oncogene homolog B (FosB) levels dramatically increase following administration with cocaine. However, unlike dopamine levels that decrease shortly thereafter, delta-FosB proteins are enduring, and a single molecule reportedly lasts several weeks after its formation (Nestler et al. 2001) . Due to its long-lasting nature, delta-FosB is associated with long-term increases in the sensitization and motivation to self-administer cocaine in mice (Colby et al. 2003) and is considered a vulnerability marker of drug addiction and relapse (Nestler 2008) . Interestingly, adolescent mice show enhanced delta-FosB upregulation in the nucleus accumbens following chronic (7 days) cocaine administration when compared to adults (Ehrlich et al. 2002) . Thus, in the present study, exposure to cocaine during the maintenance condition may have engendered increased sensitivity to cocaine to a greater extent in adolescents than adults, thereby enhancing the effects of cocaine on reinstatement responding in adolescent rats.
Stress is emerging as an important vulnerability factor in relapse in humans (Koob 2009; Sinha 2009 ). In the present study, adolescents reinstated more than adults following an i.p. injection of the pharmacological stressor yohimbine. Several explanations may account for this finding. For example, preclinical and clinical reports indicate that adolescents show exaggerated behavioral and neurobiological responses to environmental (e.g., foot shock and restraint) and pharmacological stressors (for review, see McCormick and Mathews 2007 ). An additional explanation may relate to differential effects of previous cocaine exposure on stress reactivity. In a study by Stansfield and Kirstein (2007) , adult rats that were exposed to chronic cocaine during adolescence showed greater stress reactivity in an open field, as evidenced by less time spent in the center of the apparatus, compared to cocaine naïve rats. Similarly, Bolanos et al. (2003) reported that methylphenidate treatment during adolescence in rats increased sensitivity to stressful situations later as adults. Cocaine exposure during the maintenance condition in the present study may have rendered adolescent rats more susceptible to stress, thereby enhancing yohimbine's effects on cocaine seeking.
Opposite to the results with cocaine and yohimbine adults, compared to adolescents, were more sensitive to cues during reinstatement testing suggesting greater cue reactivity. These results support previous work by Li and Frantz (2009) . In their study, adult rats reinstated significantly more following presentations of cocaine-related cues compared to younger rats that began self-administration during adolescence. A similar finding of heightened cue-induced reinstatement responding in adults (vs adolescents) was reported following morphine self-administration (Doherty et al. 2009 ). One interpretation of these findings may involve differences in amygdala functioning in adolescents vs adults. The amygdala is essential in the learning and memory of appetitive and aversive stimuli ). In addition, cue (but not drug)-induced reinstatement is guided by activation of the amygdala (See 2005) . Interestingly, adolescent vs adults underperform on tasks that rely on amygdala function , and this may be due to the amygdala being underdeveloped in adolescence (Cunningham et al. 2002; . Thus, adolescents (vs adults) in the present study may have responded less to cues during reinstatement testing due to an underdeveloped memory system.
In the present study, adolescents (vs adults) selfadministered significantly more cocaine and exhibited greater cocaine seeking during extinction and reinstatement following cocaine and yohimbine administration. However, it is unclear as to whether reinstatement responding in adolescent rats was influenced by greater cocaine intake during the preceding maintenance phase. Results from previous studies using similar reinstatement procedures indicated that cocaine-primed reinstatement was unaffected by cocaine intake during the preceding maintenance conditions (Keiflin et al. 2008; Leri and Stewart 2001) . Additionally, despite lower cocaine intake in maintenance, adults responded significantly more than adolescents following cue-induced reinstatement. These findings suggest that group differences leading to reinstatement did not influence reinstatement responding in the present study.
Heightened cocaine seeking in the adolescents, may have been attributed to increased responding in general. Not only did adolescents make more responses on the active/drug-paired lever but they also responded significantly more on the inactive lever that was never paired with i.v. cocaine. However, comparison of active and inactive lever pressing across conditions indicated that adolescents responded significantly more on the active vs inactive lever during both the maintenance and reinstatement conditions. This indicates that adolescents preferred the lever associated or previously associated with cocaine, despite having increased inactive-lever responding. The increase in indiscriminate responding during extinction may reflect an underlying attention deficit or increased impulsivity. Indeed, as previously mentioned, adolescence in humans is characterized by attention deficits (Casey et al. 2008; Galvan et al. 2006; Levesque et al. 2004 ) and increased impulsivity (Gullo and Dawe 2008; Hayaki et al. 2005) .
In summary, the present results indicated that adolescents self-administered more cocaine than adults. They also exhibited greater resistance to extinction once cocaine was removed and demonstrated increased cocaine seeking following drug and yohimbine priming injections under a reinstatement procedure than adults. Adults, on the other hand, showed more reinstatement responding than adolescents following presentations of cues previously associated with drug self-administration. These findings may be attributed to differences in the development of key brain areas involved in reward-, inhibitory-, stress-, and memoryrelated processes in adolescents and adults. Overall, the results suggest that adolescence is a period of increased vulnerability to several aspects of drug abuse.
